The circadian rhythm influences cardiovascular system physiology, inducing diurnal variations in blood pressure, heart rate, cardiac output, endothelial functions, platelet aggregation, and coronary arterial flow, among other physiological parameters. Indeed, an internal circadian network modulates cardiovascular physiology by regulating heart rate, metabolism, and even myocyte growth and repair ability. Consequently, cardiovascular pathology is also controlled by circadian oscillations, with increased morning incidence of cardiovascular events. The potential circadian influence on the human tolerance to ischemia/reperfusion has not been systematically scrutinized until recently. It has since been proven, in both animals and humans, that infarct size varies during the day depending on the symptom onset time, while circadian fluctuations in spontaneous cardioprotection in humans with ST-segment elevation myocardial infarction (STEMI) have also been demonstrated. Furthermore, several studies have proposed that the time of day at which revascularization occurs in patients with STEMI may also influence infarct size and reperfusion outcomes. The potential association of the circadian clock with infarct size advocates the acknowledgment of time of day as a new prognostic factor in patients suffering acute myocardial infarction, which would open up a new field for chronotherapeutic targets and lead to the inclusion of time of day as a variable in clinical trials that test novel c ardioprotective strategies.
Introduction
The identification of the factors involved in the modulation of cardiovascular pathophysiology holds the potential to limit damage during an acute myocardial infarction (AMI). The variables that predict clinical events (eg, mortality and other relevant outcomes) are the subject of intense research efforts that aim to better stratify patients after an AMI, and to investigate novel therapies to improve long-term prognoses. The extent of myocardial necrosis has been recently described as one of the strongest predictors of mortality and morbidity after an ST-segment elevation myocardial infarction (STEMI). 1 Therefore, infarct size has become the endpoint of STEMI clinical trials as a surrogate marker of hard clinical endpoints. 2 It is well established that the circadian rhythm modulates cardiovascular physiology, influencing risk factors such as blood pressure and heart rate, but also other processes that play an important role in myocardial pathological events, such as myogenic tone, endothelial function, and circulating levels of humoral factors. Given this association, it is not difficult to understand that cardiovascular events may also be affected by circadian patterns. Numerous studies have evaluated the impact of time of day on STEMI incidence, concluding that there are more incidences around the sleep-to-wake transition. 3 With this body of evidence on the role of circadian rhythms on cardiovascular conditions, it seems intuitive to predict that the former might play a role in the pathophysiology of AMI and could modulate the heart response of ischemic insults. Related evidence has emerged recently both in animal and human studies, suggesting larger infarct sizes during specific periods of the day. 4, 5 These findings open the door for a new variable -the chronology of AMI onset -to be considered in order to determine prognosis after AMI and included as a new variable in clinical trials testing novel cardioprotective strategies, as well as for a new therapy target to be explored.
The circadian clock and the cardiovascular system
Mammalian daily rhythms are regulated by a pacemaker within the suprachiasmatic nuclei of the hypothalamus, called the circadian clock. This biological system consists of a combination of genes and proteins that behave in a cyclical way following a 24-hour pattern. 6 It is not only governed by endogenous factors, but also by environmental stimuli, the most important of which is the dark-light cycle. This structure controls the biochemical, metabolic, physiological, and behavioral processes of mammals, including the cardiovascular system. 7, 8 The circadian clock operates in both the central and peripheral nervous systems in order to regulate local, specific functions. A temporal dependence of cardiovascular physiology has been progressively demonstrated. The cardiovascular system follows circadian variations driven by humoral signs. Cortisol and epinephrine levels increase during the morning period and fall during sleep, and both are considered one of the main humoral signs that connect the circadian clock and peripheral system activity. [9] [10] [11] Aldosterone and plasma renin activity also follow circadian patterns, being higher in the morning and modulating the cardiovascular system. 12, 13 The circadian clock also controls melatonin production at the pineal gland. 14 This hormone influences the circadian rhythm by a negative feedback mechanism, regulating circadian physiology. Simultaneously, melatonin influences cardiovascular pathophysiology by a double mechanism, binding melatonin receptors present throughout the vascular system and heart, and acting directly as an antioxidant factor. 15 Heart rate and blood pressure oscillate throughout the day in phase with these circulating factors, being higher in the morning and decreasing during the evening. 16, 17 Endogenous thrombolytic activity and platelet aggregability also follow a circadian pattern. 18 The plasma levels of fibrinogen and plasminogen activator inhibitor-1 activity increase between 6 am and noon, whereas antithrombin levels and the activity of tissue-type plasminogen activators decrease during the morning. 19, 20 This fact suggests a thrombogenic natural status during the first hours of the day that turns into a physiological pro-fibrinolytic status in the evening hours.
Indeed, an internal circadian network has been identified in cardiovascular cells, including vascular, smooth muscle cells, endothelial cells, and cardiomyocytes. 21 This molecular mechanism, intrinsic to the cardiomyocyte, is a protein complex that induces circadian gene expression oscillations that persist even in isolated, cultured myocytes, demonstrating the independence of this circadian system from the central one. 22 The internal circadian clock modulates cardiovascular physiology by regulating heart rate, metabolism, and even myocyte growth or repair abilities. 23 Preclinical studies suggest that mammalian circadian patterns are controlled by both internal and external factors. 24, 25 Light stimulus is the strongest time-controller for the circadian central clock, which regulates the neurohumoral secretion of several factors that influence the peripheral autonomous circadian clocks, such as that of the cardiomyocyte. 26
The circadian clock and cardiovascular pathology
This correlation between the cardiovascular system and the circadian clock obviously implicates a relevant role of endogenous rhythms, not only in cardiac physiology, but in both vascular and heart disease as well. Circadian clock-mutant rodents exhibit a reduction in vasculoprotective signals, an accelerated time in occlusion after acute experimental thrombosis, 27 aberrant vascular remodeling, and significant susceptibility to thrombosis in response to a chronic reduction in blood flow. 28, 29 Cardiac fibrosis has also been demonstrated to be related to the circadian clock, being lower in wild-type mouse hearts than in cardiomyocyte circadian clock-mutant specimens, 4 suggesting an inherent effect on cardiac remodeling after ischemia.
Clinical consequences of circadian cardiovascular variations in humans have already been extensively studied. Multiple epidemiological studies proved higher morning incidences of sudden death, ventricular arrhythmias, cardiogenic shock, stroke, aortic dissection, and abdominal aortic aneurysm rupture. [30] [31] [32] [33] [34] [35] [36] [37] The frequency of cardiovascular event onset follows a marked circadian rhythm, with a peak from 6 am to noon, occurring simultaneously with the morning circadian increases in platelet aggregability, heart rate, and blood pressure. 8, 37 Overall, there is compelling evidence to show that several cardiovascular pathological states are significantly influenced by the circadian rhythm. 38 
Circadian rhythm and ischemia/ reperfusion
Despite our vast knowledge of the circadian variations of pathophysiological cardiovascular states, the potential circadian influence on human tolerance to ischemia/reperfusion (I/R) has not been systematically scrutinized until recently, and is only now a major focus in cardiovascular research. In mammalian hearts, there is activation of an intrinsic defense mechanism encompassed by several protein pathways in response to ischemic events. 39 Depending on the effectiveness and degree of activation of those survival molecules, cardiomyocytes will either survive or die following an I/R event. Pre-clinical studies determined that the expression of some proteins from these survival pathways exert a robust circadian oscillation. 40, 41 The first evidence of the effect of the time of the day of AMI onset on infarct size was revealed by Durgan et al. 4 They performed an animal study with mice that were exposed to a left anterior descending coronary artery occlusion followed by reperfusion at different times of day. Those animals in which I/R was initiated during the sleep-to-wake transition displayed greater degrees of short-term necrosis and longterm fibrosis, as well as lower ejection fractions, compared to those subjected to I/R at the wake-to-sleep transition. In addition, cardiomyocyte-specific circadian clock-mutant rodents were analyzed, and it was discovered that infarct size differences, depending on the time of day of the ischemia, disappeared when the circadian internal clock was knocked out.
It was unknown at this point whether the spontaneous variation of infarct size found in those animals might be extended to other mammalian species such as humans. In this regard, our group has reported on the impact of the time of day of STEMI-onset on infarct size for the first time in humans. 5 Suárez-Barrientos et al 5 carried out a retrospective, singlecenter analysis including 811 patients with a first STEMI revascularized by any means. Infarct size was estimated by both creatine kinase (CK) and troponin (Tp I) peak enzyme release. To explore the relationship between enzyme concentrations and time of symptom onset, multivariate regression splines were used; the resulting curves are shown in Figures 1 and 2 . It is clear that both the CK and Tp I peak releases reached their maximum between 6 am and noon. That circadian pattern of biomarker peak release was independent of any other variables that might strongly influence infarct size, such as ischemia localization, or time between symptom onset and revascularization. Further supporting these results, CK-and Tp I-adjusted differences between groups were compared performing a multivariate regression analysis between patients who suffered the STEMI onset at the dark-to-light transition and those for whom onset occurred in all other periods of the day together. Infarct size was significantly larger in the 6 am to noon group, with higher CK and Tp I levels in those with STEMI onset at the night-to-day transition, which meant an expected increase in infarct size of about 20%. These results agreed with the conclusions of Durgan et al, 23 suggesting that the fluctuant cardioprotection observed in rodents is also present in humans, and reinforcing the firmness of both groups' findings. This study represented the first documentation of circadian fluctuations in spontaneous cardioprotection in humans with STEMI.
More recently, two independent studies have replicated our data in different cohorts, 42, 43 both confirming that infarct sizes in STEMI patients display a circadian variation. Reiter et al studied a group of patients admitted for their first STEMI. 42 The original population chosen was large (approximately 1000 patients), but they decided to exclude more than 80% of the population from the actual analysis for different reasons, and the final study population was a rather small group of patients ( 43 was the first prospective document dealing with this issue. Arroyo-Ucar et al included 108 consecutive STEMI patients who were revascularized by primary angioplasty. Infarct sizes were determined by peak Tp I release. They divided the sample into two groups, depending on the time of symptom onset. Patients with STEMI onset between midnight and midday presented approximately 20% higher Tp I peak concentrations than those in whom STEMI onset occurred in the midday to midnight period. These results were confirmed in the multivariate analysis, with the time of day of symptom onset being a strong independent predictor of infarct size. The three studies of humans so far published in this regard are limited by infarct-size assessment methods. It was in all cases evaluated by a surrogate marker -peak rise in enzyme levels. Even though it has been systematically reported that this methodology is accurate and correlates with other methods, 44 a direct evaluation of AMI size would have measured infarct size more precisely. Of greatest relevance is the fact that all three studies agree that there is a strong relationship between the time of day of symptom onset and infarct size.
Circadian variations and reperfusion
Several other studies have also proposed that the time of day of revascularization in patients with STEMI may influence infarct size. De Luca et al 44 studied this association, concluding that patients treated between 4 am and 8 am by primary percutaneous coronary intervention had a trend toward larger infarctions, although AMI size was not normalized to important variables like time of ischemia or culprit artery. Reiter et al also described this phenomenon, reporting higher peak enzyme levels when time of reperfusion occurred at 5 am.
Circadian variations of revascularization outcomes have also been described. Magid et al studied 33,647 patients treated with percutaneous coronary intervention. 45 They observed that those patients presenting during "off-hours" (weekdays from 5pm to 7am and on weekends) had significantly higher adjusted in-hospital mortality than patients presenting during "regular" hours (weekdays from 7 am to 5 pm). These conclusions were shared by other studies that found significantly higher rates of angioplasty failure and inhospital mortality from 6 pm to 8 am compared to the time range from 8 am to 6 pm. 46, 47 This fact may be due to different causes, such as longer door-to-balloon times during the night or a nighttime delay in medical assistance being received.
Medical reperfusion by fibrinolysis also depends on the circadian clock. Tissue plasminogen activator efficacy has a clear circadian pattern, measured by the velocity necessary to produce a patent coronary artery, being higher from noon to midnight. 48 The efficacy of thrombolytic therapy with streptokinase has also been described to be higher in the late afternoon and early evening hours. 49 Goldhammer et al even reported that, in a multiple regression analysis, the independent factor with the greatest impact on successful reperfusion with streptokinase was the time of day of thrombolysis (P = 0.037), followed by the time of ischemia. 49 Many other works disagree on this issue, finding similar outcomes in reperfusion during any period of the day. [50] [51] [52] Controversy and divergent results are natural, since reperfusion outcomes depend on many other variables, such as operator experience, time of ischemia, or the culprit artery. Circadian influences on cardiovascular system may also play a role, as it contributes to a prothrombotic status during the first hours of the morning, and to natural fibrinolytic activity in the evening, 53, 54 with the technical success or failure of primary angioplasty depending on the time of performance.
Clinical significance
Left ventricular (LV) ejection fractions and/or LV volumes were previously the established predictors of mortality in patients with coronary artery disease and severe LV dysfunction. Contrast-enhanced magnetic resonance imaging allows one to delineate infarct size precisely, and it has been proven that myocardial infarct size correlates well with LV ejection fractions and end-systolic volume index. Indeed, infarct size evaluated by magnetic resonance imaging is a stronger predictor of future cardiac event development and correlates directly with LV remodeling. 1, 55, 56 Therefore, the potential association between circadian clock and infarct size advocates the admission of time of day as a new prognostic factor in patients suffering from AMI. Those presenting during the sleep-to-wake transition seem to have a worse prognosis compared to those that occur during the rest of the day, creating a new aspect to optimally risk-stratifying patients after AMI.
Like any other factor influencing infarct size and subsequent AMI clinical outcomes, infarct circadian onset becomes a new therapeutic target. As it seems to be difficult and hazardous to alter the central or peripheral circadian clock, it seems reasonable to deal with those humoral and physiological factors that link the circadian clock with cardiovascular events. As the circadian influence on blood pressure and heart rate is well known, it has already been investigated whether traditional cardiovascular therapies can modify daily patterns of blood pressure or heart rate peaks in the morning, lowering cardiovascular risk in this period of the day. Aldosterone blockers reduce heart rate and improve the parasympathetic component of heart rate variability, which are the greatest effects during the morning hours, coinciding with the circadian pattern of cardiac events. 57 It has also been proven that treatment with β-blocker agents abolishes the dark-to-light transition peak incidence of both AMI and sudden death. 58, 59 Chronotherapeutics attempt to deliver the drug in higher concentrations during the time of greatest need during the day, which may be achieved by altering dosing patterns. The optimal object seemed to reach the peak effect of cardiovascular treatment during the night-to-day transition, without inducing the excessive lowering of the heart rate or blood pressure during the night, which could be detrimental. In this regard, different submit your manuscript | www.dovepress.com
Dovepress

55
Circadian clock and infarct size ChronoPhysiology and Therapy downloaded from https://www.dovepress.com/ by 54.70.40.11 on 26-Oct-2019 For personal use only.
results have been obtained. Hermida et al described that bedtime antihypertensive therapy, compared to conventional treatment upon waking, more effectively improved blood pressure control and significantly reduced cardiovascular disease morbidity and mortality. 60 Evening lisinopril-or quinapril-isolated administration seems to more greatly reduce blood pressure than in the early morning, without inducing excessive hypotension during sleep. 61, 62 By contrast, a variety of other antihypertensive agents, including b-blockers, 63 ACE inhibitors, and calcium channel blockers, 64 do not change circadian patterns of blood pressure depending on the dosing time. 65, 66 Efforts need to be focused on suitable forms of drug delivery that may appropriately cover night-to-day transition hours, such as doxazosine or verapamil, 67, 68 when dosed in the evening. Nevertheless, the potential effects of cardiovascular agents on circadian infarct size may be attributed to some other mechanism, not just heart rate or blood pressure variation, such as a blockage of the morning surge in sympathetic activity in the case of β-receptor antagonist therapy. Indeed, other humoral factors such as melatonin may play a role in circadian cardioprotection. This is an attractive target for further investigation and could lead to the development of novel therapy approaches.
Obviously, all of these treatment strategies are focused on those patients with known cardiovascular risk factors or with previous ischemic myocardial disease. The question now is if it is possible to palliate circadian influence on infarct size and prognosis during the acute ischemic event, modulating both humoral factors and internal circadian clock mechanisms, allowing us to control spontaneous cardio-aggression during the morning. In that respect, wide research must be performed in order to clarify and reveal the intimate course of circadian spontaneous cardioprotection during the rest of the day.
Finally, infarct size is one of the most accurate variables used as the endpoint of clinical trials testing novel cardioprotective strategies. 2 As a result, the time of AMI onset should be carefully collected and analyzed as a new variable in these studies, since it influences infarct size, and its results must be considered in order to avoid a potential time-of-day bias.
